Abstract Air temperature is one of the most relevant input variables for snow and ice melt calculations.
Numerous observations of katabatic winds have been reported over mountain glaciers and a number of factors affect their development. While fetch length, funneling effect, and temperature difference between the atmosphere and the glacier surface strengthen the katabatic wind layer [van den Broeke, 1997b; Greuell and Böhm, 1998; Oerlemans and Grisogono, 2002; Munro, 2006; Pigeon and Jiskoot, 2008] , the influence of synoptic winds, entrainment of warm air from the upper layer, turbulent mixing with up-valley winds, and heat advection from mountain walls will weaken it [van den Broeke, 1997b; Greuell and Böhm, 1998; Hannah et al., 2000; Oerlemans and Grisogono, 2002; Munro, 2006; Jiskoot and Mueller, 2012] . Radiative cooling and the Coriolis force are also relevant in other types of environment, like large sloping ice sheets [e.g., Vihma et al., 2011] . A critical air temperature threshold that denotes the onset of the katabatic boundary layer development was identified by Shea and Moore [2010] using a set of meteorological measurements on three glaciers in the southern Coast Mountains of British Columbia over three ablation seasons. They also found that stronger cooling effects at greater flow distances implies a lower climatic sensitivity to external temperature changes. A similar idea was used by Jiskoot and Mueller [2012] on the Shackleton Glacier, Canadian Rockies. They implemented a surface energy balance model in which katabatic winds were switched on and off depending on the air temperature measured in the proglacial valley.
In order to understand how air temperatures are distributed over a melting glacier during katabatic wind episodes, Greuell and Böhm [1998] proposed a simple thermodynamic glacier wind model (the GB model) that focused on air temperature variations along the glacier flow line. The GB model, which was developed and tested using data from the glaciometeorological experiment Pasterze Experiment (PASTEX) [Greuell et al., 1994] , solves the energy balance of an air parcel traveling down along an infinite glacier slope with a temperature of 0°C. The model considers only two effects: the cooling of the down-flowing air through sensible heat exchange with the glacier surface and the simultaneous warming due to adiabatic compression. Using these two processes, the model provides a simple 2 m air temperature distribution as a function of the distance along the flow line and quantifies the sensitivity of the air in contact with the glacier surface to off-glacier temperature variations. Climatic sensitivity was defined as the ratio of changes in the air temperature 2 m above the glacier surface to changes in temperature outside the thermal regime of the glacier [Greuell and Böhm, 1998 ].
Few applications of the GB model are found in the literature. In the original paper, the model successfully reproduced the observed air temperature distribution over Pasterze Glacier [Greuell and Böhm, 1998 ]. Later, Petersen et al. [2013] tested the GB model on Haut Glacier d'Arolla (Switzerland) over one ablation season. In order to improve the model performance, they assumed, in contrast to the original model, that the katabatic layer thickness varies along the glacier flow line. In fact, because the GB model assumes an infinite glacier slope at a temperature of 0°C, air temperature asymptotically reaches an equilibrium with a characteristic length scale. This equilibrium value is theoretically reached at the same location where climatic sensitivity reaches a value of zero and temperatures are entirely controlled by katabatic winds. Nevertheless, air temperature observations over glacier tongues show an increase with distance along the flow line [Pellicciotti et al., 2008; Petersen and Pellicciotti, 2011; Petersen et al., 2013] . In a recent application of the GB model to three glaciers of the Italian Alps, Carturan et al. [2014] found good agreement between the GB model and their observations, except for weather stations close to the glacier terminus where the air temperatures were higher than expected. This behavior is not well explained by the GB model and suggests the presence of other physical processes that may disturb the katabatic layer, e.g., entrainment of warm air from the upper layer, enhanced terrain irradiance and turbulent mixing with up-valley winds.
In this study, we investigate and compare the spatial distribution of air temperature at three glaciers in Switzerland, Canada, and Chile. These different study sites span a wide range of geographic, climatic, and geomorphological characteristics. We aim to improve the distributed modeling of air temperature over mountain glaciers and provide an alternative to constant and uniform linear lapse rates. For this, we add a linear term to the GB equation that attempts to describe the effect of additional heating observed over glacier tongues.
The remainder of this paper is organized as follows: In sections 2 and 3, we describe the study sites and the collected data sets. In section 4, we describe the GB model and propose a modification based on the observations and conclusions of section 3. In section 5, we compare observed and estimated near-surface temperatures and evaluate the performance of the modified GB model, the original GB model and linear lapse rates. Finally, in sections 5 and 6, we present and discuss our main findings.
Study Sites
We analyze spatially distributed data sets of air temperature collected during the ablation season over Haut Glacier d'Arolla, Place Glacier, and Juncal Norte Glacier, which are located in Switzerland, Canada, and Chile, respectively ( Figure 1 and Table 1 ). Previous studies have reported the presence of katabatic winds at all three study sites [Strasser et al., 2004; Pellicciotti et al., 2008; Shea and Moore, 2010; Petersen and Pellicciotti, 2011; Petersen et al., 2013] . ) temperate glacier located in the Val d'Herens, in Valais, Switzerland on the main Alpine divide. The glacier has an upper area with a northwesterly aspect and a northward flowing glacier tongue. Extensive glaciological research has been conducted on this glacier describing its energy and mass balances, hydrology, geochemistry, and ice dynamics [e.g., Arnold et al., 1996; Brock and Willis, 2000; Strasser et al., 2004; Pellicciotti et al., 2005; Dadic et al., 2008; Petersen et al., 2013] . The upper area of Haut Glacier d'Arolla is relatively open. Down-glacier winds are weak in comparison to those of the lower tongue, and thus, synoptic winds often prevail. In contrast, the lower narrow valley leads to convergence acceleration of the wind flow, which shows higher average speed and directional consistency than in the upper area [Strasser et al., 2004] . During the last decades, negative mass balances and glacier retreat have favored the emergence and expansion of debris covered areas that might raise the near-surface air temperature relative to that above bare ice surfaces [Reid et al., 2012] .
Place Glacier is located in the southern Coast Mountains of British Columbia, Canada. In this mountainous region, proximity to the Pacific Ocean produces strong gradients between maritime and continental climatic regimes, and winters are characterized by high snow accumulation. Place Glacier sits on the eastern edge of a glacierized area and is a small alpine glacier (<4 km 2 ) with a more continental climatic setting and lower snow accumulation than areas to the west. A small accumulation area, sheltered from prevailing westerly flows, leads to a wide, low-angle ablation area. In contrast to Haut Glacier d'Arolla and Juncal Norte Glacier, whose elevations span 970 m and 3010 m, respectively, Place Glacier has an elevation range of only 730 m. According to Munro and Marosz-Wantuch [2009] , the accumulation area is susceptible to topographic steering of entrained synoptic airflow and the glacier wind coming from the upper area may diverge to the northern and southern tongues. Mass balance investigations on Place Glacier started in 1965 in the context of the International Hydrological Decade [Moore and Demuth, 2001; Shea et al., 2004 Shea et al., , 2009 Shea and Moore, 2010] .
Juncal Norte Glacier is located in the semiarid Andes of central Chile. This is a region characterized by high altitudes (reaching 6000 m above sea level (asl)), mild wet winters and dry summers with almost zero precipitation, with the exception of easterly convective storms [Garreaud et al., 2009] . Juncal Norte Glacier has an area of 7.6 km 2 and flows northward along a narrow valley surrounded by steep slopes from about 6100 to 2900 m asl.
Glaciological research conducted here during the past decade has focused on the characterization of its energy and mass balance and hydrological processes [Corripio and Purves, 2005; Bown et al., 2008; Pellicciotti et al., 2008; Petersen and Pellicciotti, 2011; Ragettli and Pellicciotti, 2012] .
Data Analysis

Description of Available Data
The data set in this study consists of spatially distributed air temperature measurements recorded at temperature loggers (T-loggers) and meteorological variables registered at automatic weather stations (AWS) ( Figure 1 and Table 2 ). At Haut Glacier d'Arolla and Place Glacier, measurements are distributed along the length of the glacier. However, due to the extremely difficult access to the upper sections of Juncal Norte Glacier, this glacier has measurements only over the glacier tongue. All data were recorded at time intervals of 5 to 10 min. We use hourly averaged data for all analyses.
T-loggers at Haut Glacier d'Arolla and Juncal Norte Glacier consisted of a temperature sensor (HOBO H8 Pro Temp) with integrated data logger housed in a shielded PVC cylinder and fixed to a metal tripod of 2 m height. The ventilation of the T-loggers is allowed by channelized wind flow in the PVC cylinders. The accuracy of these instruments ranges between 0.2 and 0.5°C on average. T-logger data are strongly correlated to reference AWS measurements, but an adjustment of À0.5°C was applied to correct a positive temperature bias that is likely caused by the more deficient ventilation system of the T-loggers in comparison to the AWSs [Petersen and Pellicciotti, 2011; Petersen et al., 2013] . On Place Glacier temperatures were measured at floating automatic weather stations equipped with Rotronic SC2 temperature and relative humidity sensors housed in standard unventilated radiation shields. Accuracy of air temperature and relative humidity sensors are 0.2°C and 1.5% (at 23°C), respectively [Shea and Moore, 2010] .
We use digital elevation models (DEMs) derived from light detection and ranging (lidar) flights over Haut (Table 3) .
Exploratory Analysis of Field Data
In order to understand how air temperature distribution over mountain glaciers varies under the influence of the surrounding atmosphere, we investigate the relation between on-glacier air temperature distribution and off-glacier temperatures. For this, we plot distributed measurements of air temperature, classified according to percentiles of off-glacier temperatures, as a function of the distance along the glacier flow line and elevation.
Glacier flow lines are calculated using the DEMs described above, and we assume that the hydraulic downstream flow line is representative of the downwind flow line. Glacier flow lines are calculated with the Journal of Geophysical Research: Atmospheres
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TopoToolbox in MATLAB [Schwanghart and Kuhn, 2010] (Figure 1 ). Following the coordinate system defined by Greuell and Böhm [1998] , calculated flow lines are projected over the horizontal plane and flow lines values were assigned based on the meteorological station locations. As the hydraulic flow line calculated for Place Glacier using TopoToolbox presented spatial discontinuities, we used the hydrological processing tools in SAGA GIS software package (http://www.saga-gis.org) for the Place Glacier calculations [Shea and Moore, 2010] . In Figure 2 , we show the relation between elevation and distance along the flow line for meteorological stations on each glacier. An approximate linear relation indicating a constant slope between stations is observed on Haut Glacier d'Arolla and Juncal Norte Glacier. However, at Place Glacier, AWS1 is not aligned with the rest of the stations and the constant slope assumption is only fulfilled from AWS2.
In order to define an air temperature that is representative of off-glacier conditions, we extrapolate off-glacier hourly mean air temperatures from the nearest or highest elevation external station to the approximate center of the upper part or accumulation area of each glacier using seasonal mean lapse rates. These off-glacier lapse rates are calculated for each region using the available stations for the area (Table 3 ). The center of the accumulation area, hereinafter referred to as x 0 , is selected by visual inspection and represents the origin in space of the katabatic wind or the theoretical point where the air parcel enters the layer influenced by the glacier [Greuell and Böhm, 1998; Petersen et al., 2013] . Greuell and Böhm [1998] argue that x 0 depends on the geometry of each glacier and, as long as the nature of its dependence is not clear, it remains an empirical variable. Theoretically, x 0 is the point where the climatic sensitivity to off-glacier temperature variations is equal to one. Below this point the cooling effect of the glacier wind should be observed and the climate sensitivity will be reduced. An important requirement for choosing the x 0 parameter is to allow a sufficient distance for the development of density-driven winds. Following the notation of Greuell and Böhm [1998] , the extrapolated temperature and elevation at x 0 are referred to as T 0 and z 0 , respectively.
In Figure 3 we present average values and standard deviations of air temperature measured over the glacier surface for T 0 percentiles of 0-10th, 45-55th, and 90-100th. At Haut Glacier d'Arolla, air temperature follows a positive linear relation with the flow line and elevation for low values of T 0 (percentile 0-10th, T 0 < À2.6°C), which is consistent with negative temperature lapse rates and an indication that katabatic development is limited. On the other hand, when T 0 values are high (percentile 90-100th, T 0 > 8.5°C), air temperatures along the flow line decrease for x < 1500 m, which is consistent with katabatic wind effects [Greuell and Böhm, 1998 ]. Over the glacier tongue, air temperatures increase along the flow line, which suggests a higher climatic sensitivity to external air temperature changes. Anslow et al. [2008] found a similar air temperature distribution at South Cascade Glacier, Washington, USA, and noted the presence of an air temperature minimum at glacier midlevels.
Place Glacier exhibits a similar air temperature decrease along the flow line when off-glacier temperatures are high (percentile 90-100th, T 0 > 11.4°C). However, negative lapse rates are not observed over the lower section of Place Glacier. At Juncal Norte Glacier, where measurements are made only on the lower portion of the glacier (z < 3300 m asl and x > 6500 m), the air temperature decrease that is characteristic of katabatic effects is not evident. Instead, we observe that lapse rates become more negative (from À5 to À12°C/km) at higher values of T 0 . 
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Based on the results above, we calculate lapse rates at Place and Juncal Norte Glaciers with all observations (Figure 4 ). At Haut Glacier d'Arolla we distinguish between the three upper (ud) and the three lower stations (ld). At Place Glacier and in the upper section of Haut Glacier d'Arolla, lapse rates change from negative to positive values for increasing off-glacier temperatures. Conversely, lapse rates calculated at Juncal Norte Glacier and on the lower section of Haut Glacier d'Arolla remain negative with increasing off-glacier temperatures, but their magnitude also increases. At Juncal Norte Glacier, the increase in the lapse rate magnitude corresponds to a better correlation between air temperature and elevation (Figure 4 ). In contrast, at Place Glacier and in the upper part of Haut Glacier d'Arolla, an increase in off-glacier temperatures is followed by a reduction in correlation coefficients, which suggests that elevation is not a good predictor of air temperature under katabatic wind conditions. Under warm external conditions, air temperature is well-correlated with elevation over the glacier tongue, but not in the upper part of the glacier, where the correlation coefficient is weak. Additionally, we notice that the abrupt change in lapse rates of Place Glacier appears at the same temperature (T 0 = 6-7°C) found by Shea and Moore [2010] as the onset of katabatic wind development. (Figure 5a ). When T 0 values are higher, the northerly wind component is not observed and the wind direction is dominated by down-glacier (southerly) winds (Figures 5b and 5c ). AWS 4 at Place Glacier shows consistent down-glacier (easterly) winds within the entire T 0 range (Figures 5a-5c ), though the greatest frequency occurs at higher values of T 0 (>11.4°C) (Figure 5c ). Juncal Norte Glacier shows consistent down-glacier (southerly) winds within the entire T 0 range (Figures 5a-5c ), with the exception of up-valley winds for percentiles 90-100th of T 0 (>4.0°C) (Figure 5c ). According to Petersen and Pellicciotti [2011] , these warm up-valley winds erode katabatic winds during the afternoon. They also observed that katabatic winds generated in the upper part of the glacier result in weak correlations between air temperature and elevation, while strong correlations are observed when katabatic winds are absent.
Two main conclusions from this exploratory data analysis section form the basis for our following analyses. First, when T 0 values are low, negative lapse rates close to the standard environmental lapse rate are sufficient to describe air temperature measurements over the entire glacier elevation range. Second, when T 0 values are high, air temperature decreases down-glacier within the upper part of the flow line, before increasing over the glacier tongue.
Modeling 4.1. A Modified Version of the Greuell and Böhm Model
The GB model solves the energy balance of an air parcel traveling down along an infinite glacier slope at a temperature of 0°C ( Figure 6 ) [Greuell and Böhm, 1998 ]. The energy balance equation is
where H (m) is the height of the glacier wind layer, θ (°C) is the potential temperature, C H ( ) is the bulk transfer coefficient for heat, T (°C) is the air temperature, T S (°C) is the surface temperature, and u (m/s) is the glacier wind speed along the glacier surface [Greuell and Böhm, 1998 ].
The down-glacier wind speed u is assumed constant. If we consider the adiabatic variation of temperature due to changes in elevation along the glacier surface, we obtain
where Γ d (°C/m) is the dry adiabatic lapse rate, α (°) is the mean glacier slope, and x (m) the distance along the flow line or flow path length. 
Journal of Geophysical Research: Atmospheres
10.1002/2015JD023137
Greuell and Böhm [1998] considered that T s = 0°C and that the term H/C H is constant along the flow path length. In that way, solving the differential equation on x, the resulting equations of the energy balance are the following (see Greuell and Böhm [1998] for details in the derivation):
where T(x) (°C) is the air temperature over the glacier as a function of the flow path length, T 0 (°C) is the air temperature at x 0 , T eq (°C) is the air temperature at x = ∞ , L (m) is the characteristic length, x 0 (m) is the location 
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were the air parcel enters the katabatic layer influenced by the glacier, b (°C /m) is a modified dry adiabatic lapse rate, and α (°) is the mean glacier slope. In contrast to Greuell and Böhm [1998] , we use the symbol L and not L R for the characteristic length, in order to avoid confusion with lapse rates (later referred to as LR).
The GB model is able to describe air temperature distributions during katabatic events. However, by definition, the model cannot describe the observed air temperature increase over glacier tongues as it assumes a glacier slope with an infinite length and no boundary conditions for large x values. Under these assumptions, air temperature converges to T eq as x tends to infinity. However, our exploratory analyses suggest that during warm conditions, models of near-surface air temperature over melting glacier termini lack an important advected or entrained heat source. We thus introduce a new term that attempts to reproduce the observed behavior of air temperature over the entire extent of the studied glaciers. We will call this model a modified version of the original GB model, or ModGB model. The new term consists of an empirical factor (K(°C)) that multiplies the distance along the flow line (x À x 0 ), which is normalized using the length scale of the original GB model (L) and accounts for the observation that temperatures become warmer down valley. The factor K can be interpreted as the temperature increase from x 0 to L R due to nonadiabatic processes, i.e., the influence of additional heat sources.
Model Evaluation
In order to evaluate the ability of the ModGB model to describe the observed patterns of air temperature described in section 3.2, we fit the model to the observations using the katabatic layer height (H) and the new term (K) as tuning parameters. At each study site, we test the model under different scenarios of data availability and we use the calibrated model to extrapolate air temperatures over the entire glacier extent. Model is then evaluated using the root-mean-squared error (RMSE) of estimated temperatures. The model is fit to air temperature data that are averaged within T 0 intervals of 1°C. Given the results of the section 3.2, we adjust the modified GB model (keeping K ≠ 0) only when T 0 is above 0°C and both katabatic cooling and glacier tongue warming effects are observed, i.e., at Haut Glacier d'Arolla and Juncal Norte Glacier. We compare the resulting RMSE of the ModGB model to the ones obtained from the original GB model and lapse rates. We note here that the original GB model is only calibrated for glaciers sections where the katabatic effect on air temperature was observed and T 0 is above 0°C (i.e., Place Glacier and the upper section of Haut Glacier d'Arolla). 
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In contrast to the original application of the GB model, we use the katabatic layer height (H) as a calibration parameter instead of the length-scale term (L). A similar approach by Petersen et al. [2013] is justified by our focus on the air temperature distribution and not on the climatic sensitivity of on-glacier conditions to external changes [e.g., Greuell and Böhm [1998] ]. The katabatic layer height also provides a more direct physical interpretation than the length-scale parameter.
In order to obtain physically meaningful values of the selected parameters selected for calibration, the GB and ModGB model calibrations were consider successful when the katabatic layer height (H) converged to values lower than 100 m. As a reference, Greuell and Böhm [1998] calculated a value of H = 17 m for Pasterze Glacier. 
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Topographic parameters used to fit the GB and ModGB models are given in Table 4 . The mean glacier slope is estimated using the katabatic wind origin (x 0 ) and the values x f and z f , which correspond to the distance along the flow line and the elevation of the final point of the glacier, respectively.
Results
Binned air temperature distributions along the three study glaciers and the fitted models are shown in Figures 7-9 . At Haut Glacier d'Arolla (Figure 7) we fit the original GB model, the ModGB model and the lapse rates to the data collected along the entire glacier and compare their performances. Additionally, we fit the ModGB model and lapse rates using only the three lowest T-loggers (lower data, ld) and evaluate their ability to estimate air temperatures recorded at the three upper T-loggers (upper data, ud). Finally, we fit the original GB model (Figures 7a, 7c , and 7e). While the standard lapse rate approach correctly reproduces air temperature distribution for cold off-glacier conditions, its performance clearly decreases for higher temperatures (Figures 7b, 7d, and 7f) . The original GB model correctly describes the behavior of the upper glacier data, but it fails to describe the warming over the glacier tongue (Figure 7e ). With increased ambient temperatures, the ModGB (ad) model performance is superior to that of lapse rates (ad) in describing air temperature distribution along the entire glacier. Extrapolation of temperatures with the ModGB (ld) provides reduced errors along the entire glacier length when compared to lapse rates (ld) and the original GB model (ud) (Figures 7e and 7f) . Nevertheless, RMSE values for the ModGB (ad) model also increase with T 0 (Figures 7c and 7e ).
At Place Glacier (Figure 8 ), we attempt to fit the original GB model, but results are poor (Figures 8a, 8c , and 8e).
As the data from the lower part of the glacier do not indicate significant additional warming inputs, we do not fit a modified GB model. In the next section, we suggest and discuss the possible reasons for this result. On the other hand, lapse rates are able to reproduce the observed air temperature distribution, but the obtained RMSE values increase with T 0 (Figures 8b,  8d , and 8f).
At Juncal Norte Glacier (Figure 9 ), lapse rates perform better than the ModGB model in simulating air temperature measurements for all T 0 ranges. Notably, we observe large differences (>15°C) in the extrapolated air temperatures at high-elevation sites, where no data are available for model validation (Figures 9e and 9f) .
In Figure 10 , we compare RMSE values resulting from the model fitting at Haut Glacier d'Arolla for all T 0 bins. For T 0 values higher than 6°C, the ModGB (ad) model shows the lowest RMSE values, which are up to 32% lower than the ones obtained from LR (ad). Additionally, when only measurements from the lower glacier section are used for model calibration, the ModGB (ld) model gives the lowest errors for warm conditions ( > 3°C). In this case, the ModGB (ld) model yields up to 68% lower RMSE values than the ones obtained from LR (ld). The original GB model, calibrated using only measurements of the upper part (GB (ud)), shows a similar performance to a lapse rate calibrated using data only from the glacier tongue.
In Figure 11 we show the relations between the tuned parameters values of the ModGB (ad) model for Haut Glacier d'Arolla. We show relations between the fitted parameters (H and K) and the T 0 bins. The katabatic layer height (H) and the empirical parameter (K) decrease for T 0 values above 4°C and converge to values of 5 m and 7°C, respectively (Figures 11a and 11b) . In Figure 11c , we compare the adjusted katabatic layer height to the slope of the linear relation between air temperature and the distance along the flow line (K/L R ). This quantity represents the magnitude of the temperature increase with the distance along the flow line. K/L R rapidly increases for low values of H, and increases with T 0 (Figure 11d ). For T 0 values of approximately 10°C, the rate of air temperature increase along the glacier flow line (K/L R ) reaches 4°C per horizontal kilometer.
Discussion
Our results indicate that on-glacier lapse rates should only be used to describe air temperature distributions when ambient temperatures are low. In the absence of substantial temperature differences between the surrounding air mass and the glacier surface, katabatic flows are not generated and lapse rates have similar magnitudes to the commonly used environmental lapse rate (À6.49°C/km) (Figure 4 ). In contrast, high off-glacier temperatures drive the glacier surface to the melting point and create a constant boundary condition at 0°C allowing the development of katabatic winds [Oerlemans, 1998; Oerlemans and Grisogono, 2002] . These down-glacier winds transport cold air to lower elevations, which decrease the air temperature differences between the upper and lower sections of the glacier. This effect reduces the magnitude of the negative lapse rates and even results in positive lapse rates in some cases. We propose that additional heat sources will also affect the temperature of the descending air parcel. This results in steeply negative lapse rates at the lower sections of large valley glaciers (Figure 4 ).
While the investigated literature suggests that synoptic winds, entrainment from upper warm layers, turbulent mixing with up-valley winds, and heat advection from valley walls disrupt the katabatic wind layer [van den Broeke, 1997b; Greuell and Böhm, 1998; Oerlemans and Grisogono, 2002; Munro, 2006; Jiskoot and Mueller, 2012] , it is difficult to identify exactly which physical processes are responsible for this phenomenon in each glacier. Up-valley winds found by Petersen and Pellicciotti [2011] erode katabatic winds during the afternoon in Juncal Norte Glacier, but these are not clearly seen at Haut Glacier d'Arolla. In fact, katabatic winds are strengthened in this glacier during the warmest hours of the day. Cross-glacier variability at Juncal Norte Glacier only showed small differences probably related to shading effects. In the case of Place Glacier, Munro and Marosz-Wantuch [2009] suggested that the shape of the upper glacier area favors the entrainment of synoptic winds, which could explain the poor fit of the original GB model to observed data. While it is clear that longwave radiation emitted from the valley walls increases melt rates on glacier surfaces [Ohmura, 2001; Hock, 2003; Anslow et al., 2008; Jiskoot and Mueller, 2012] , it is not evident that is able to affect fast-moving air masses.
Our results show that under warm conditions, a modified Greuell and Böhm model is the best option to describe the observed air temperature distribution over Haut Glacier d'Arolla, in comparison to the original GB model and linear lapse rates. Furthermore, when data from the upper portions of Haut Glacier d'Arolla are not used for model tuning and models are evaluated along the entire glacier extent, the ModGB model produces considerably better results than the ones obtained by lapse rates. This suggests an improved ability to extrapolate air temperatures based on measurements from the glacier tongue (Figure 7 ). Applying this result to the Juncal Norte Glacier data, we suggest that air temperatures at high-elevation sites may be considerably warmer than those predicted by lapse rates derived from low-elevation on-glacier observations. In fact, for warm external conditions the tongue lapse rates are steeper than for low T 0 values and produce very low temperatures at high-elevation sites (<À10°C, Figure 9 ). Our results support those obtained by Petersen and Pellicciotti [2011] , who demonstrated that steep negative lapse rates at the tongue of Juncal Norte Glacier are associated with warm conditions and strong correlation coefficients between air temperature and elevation, which might be used to justify the use of these lapse rates in extrapolating to high-elevation sites [Ragettli et al., 2013] . Nevertheless, the presence of katabatic winds, results in weakly negative or even positive lapse rates over upper glacier sites.
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Our results for Haut Glacier d'Arolla further suggest that using the original GB model for distributing air temperature along the glacier will lead to a strong underestimation of air temperature on the glacier tongue. This is a direct consequence of the fact that the original model only considers the katabatic effect and adiabatic heating and does not account for external sources of heating. An alternative solution is the use of spatially variable values for the katabatic boundary layer height, as suggested by Petersen et al. [2013] . Indeed, the katabatic layer height is certainly affected and modified along the glacier flow line by the entrainment of warm air masses from aloft [van den Broeke, 1997a [van den Broeke, , 1997b Oerlemans, 2010] . The GB model, however, assumes a spatially uniform H. To justify the use of a spatially variable H, Petersen et al. [2013] argue that the model should be used in a piecewise application of different H values, i.e., different model configurations are used for each location. We decided not to include this approach in our comparison exercise, because, in contrast to Petersen et al. [2013] , all the models used in this article keep the same values for their parameters along the entire glacier extent. However, we note that the final results of Petersen et al. [2013] show an increasing katabatic layer height with the glacier flow line, which is consistent with the mixing of the katabatic layer with the warm surrounding atmosphere.
An interesting result of this study was the failure of the original GB model when applied to Place Glacier. This is likely due to the fact that two assumptions of the GB model are not fulfilled for this glacier. First, the meteorological stations on Place Glacier are not located along a linear profile with a constant slope (see Figure 2b ). Second, this glacier is also exposed from both southerly and northerly directions, which can modify the thermal regime of the glacier surface due to the entrainment of external air masses. Thus, the glacier shape, and in particular the existence of a well-defined glacier termini that allows for funneling and convergence, is a requirement for the application of models that distribute air temperature based on the glacier flow line. In glaciers without a well-defined tongue, local winds may be weaker and the entrainment of synoptic winds and heat advection more relevant. Specific measurements directed to capture those processes would be useful in the case of cirques or plateau-type glaciers, e.g., T-loggers close to valley walls and meteorological stations on very exposed sites. Due to the convergent flow lines, an interesting case to analyze would be multiple-basins feeding into one tongue. In fact, Munro [2006] found colder air temperatures at the convergence points of the katabatic flow field than on the tongue of Peyto Glacier, Canadian Rockies.
As the models were fitted to observed air temperatures binned in 1°C intervals, the observed variability (grey lines in Figures 7-9 ) may be a result of different weather conditions at each location and different amounts and type of cloudiness in particular. At all sites, cloudy conditions were mainly associated with cold temperatures and negative lapse rates along the entire glacier extent, so the results of the ModGB model should not be largely affected. In the case of Juncal Norte Glacier, more than 90% of the observations were collected under clear-sky conditions, which are typical during the summer season in the dry Andes of central Chile [Pellicciotti et al., 2008; Ragettli and Pellicciotti, 2012] .
From the analysis of the calibrated parameters, H and K appear to converge to constant values, which likely reflect the full development of a katabatic layer in a sufficiently warm atmosphere. Additional temperature data that cover the full extent of the glacier would be useful in order to study the transferability of these parameters and detail their variation as a function of external temperatures. These parameters are empirical in nature, because they depend on individual properties of each glacier. The rest of the parameters used in the model can also be dependent on additional features of the glacier environment that were not analyzed in this study. In particular, x 0 may vary depending on the elevation of the snowline which might affect fetch length, and T 0 may be affected by the variability of off-glacier lapse rates. Further studies should focus on the specific sensitivity analysis of the model to these parameters.
Conclusions
In this paper, we have analyzed three data sets of 2 m air temperature measurements collected over glaciers at different latitudes and with different characteristics, with the aim to understand the observed spatial variability in air temperature and identify the most appropriate approach for data extrapolation. Air temperature is a key input to glacier mass balance and glacier hydrological models, which are used for projections of future runoff from glacierized catchments. Previous studies have demonstrated that temperature lapse rates are one of the parameters to which glaciohydrological models are most sensitive [e.g., Ragettli and Pellicciotti, 2012;  Journal of Geophysical Research: Atmospheres 10.1002/2015JD023137 Pellicciotti et al., 2014] . Observations and models of temperature gradients over melting snow and ice surfaces are thus critical for the generation of accurate melt estimates.
In practice, temperatures are often extrapolated using spatially uniform linear lapse rates. An alternative model proposed by Greuell and Böhm [1998] describes the effect of katabatic boundary layer formation on temperatures over melting glaciers. In this model, air temperatures are calculated from the equilibrium of adiabatic heating with cooling due to the sensible heat exchange with the glacier surface. Analyses of the three detailed data sets, however, suggest that other mechanisms might play a role over melting glaciers, especially for warm conditions under which melt occurs. We therefore suggest a modification of the GB model, built by including an additional term that accounts for the heating of an air parcel traveling down valley along well-confined glacier tongues, which provide a dominant longitude direction and a strong funneling effect.
We summarize our main findings as follows:
1. This study has demonstrated that air temperature follows similar spatial patterns on three glaciers of considerably different geographical, topographical, and climatic features. At all three sites, during off-glacier conditions below 0°C, air temperature follows negative lapse rates, which are close in magnitude to the environmental lapse rate (À6.49°C/km). In contrast, observations from the upper regions of melting glaciers show that positive off-glacier temperatures generate katabatic effects that result in positive lapse rates over the upper glacier section. At the same time, these warm conditions produce strong negative lapse rates over well-defined glacier termini. The combination of these two effects generates a spatial minimum of air temperature over the middle section of the glacier. The temperature increase with distance along the flow line over the glacier tongue may be caused by different processes induced by the warm atmosphere and increased shortwave radiation in the case of clear-sky days. These processes may include the entrainment of warm air from upper layers, mixing with up-valley winds and heat convection generated by enhanced terrain irradiance. 2. To characterize the observed temperature patterns, a linear term that captures the increase in temperature due to heat advection and/or entrainment was added to the GB thermodynamical wind model. The modified model was calibrated using available observations and its performance compared to that of the original model and linear lapse rates. 3. During cold off-glacier conditions (<0°C), negative linear lapse rates that are similar to the environmental lapse rate are sufficient to describe the observed air temperature distributions. For warm off-glacier conditions (when melt occurs), the modified GB model for air temperature estimation provides a clear improvement over both the original GB model and linear lapse rates. To apply the ModGB using only off-glacier data, it would be beneficial to better understand how model parameters vary as a function of external temperatures. 4. During warm off-glacier conditions (>0°C), the extrapolated method used can result in large differences in the estimation of high-elevation air temperatures. At Juncal Norte Glacier, where only data collected on the glacier tongue are available, air temperatures at high elevation estimated by the ModGB model can be more than 15°C higher than those estimated with lapse rates. This would result in large differences in estimates of glacier ablation and have thus a strong impact on glacier mass balance and runoff simulations.
Our results highlight the importance of distributed field measurements over melting glaciers and can be used to improve energy and mass balance simulations of glacierized catchments. Further research should incorporate additional temperature data sets in order to characterize the onset of katabatic wind conditions, the location of the minimum air temperature over mountain glaciers and quantify the variation of the parameters of the ModGB model as a function of external air temperatures. Measurements directed to identify specific processes like heat convection from valley walls and shading effects could be also useful. Additionally, direct measurements of sensible and latent heat fluxes along the glacier flow line and profiles of the near-surface katabatic layer will allow further model refinements and improve process-based models of glacier melt in the context of a changing climate.
